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ABSTRACT: In this paper, the effects of different annealing temperature and 
number of deposition layers on the crystallographic properties of potassium 
sodium niobate (KNN) thin films were investigated. X-ray diffraction (XRD) 
analysis was carried out to determine the crystallographic orientation and 
phase formation of thin films deposited at different annealing temperatures 
(600°C, 650°C and 700°C) and various number of deposition layers (1, 2, 3, 
4 and 4 layers). The XRD patterns and texture coefficient of the synthesized 
films confirmed that a highly oriented orthorhombic perovskite structure was 
obtained at 650°C, while at higher temperature a spurious phase of K4Nb6O17 
was evolved. The effective number of deposition layers was found to be five 
due to the formation of interconnected cracks at sixth deposited layers. The 
XPPA analysis showed that the unit cell volume of the films was increased 
gradually from 110.83 cm3 at one layer to 124.31 cm3 at fifth deposited layers. 
Nevertheless, the lattice strain effect was small and negligible at high layer 
deposition due to the increased distance of the lattice with the film/substrate 
interface.   
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1.0      INTR ODU CTION  
 
The development of safe piezoelectric materials is particularly 
important in fulfilling the market’s demand because the toxicity of 
lead-based materials makes them detrimental to be used in 
microelectromechanical systems (MEMS) [1], [2]. Hence, lead-free 
piezoelectric ceramic, namely potassium sodium niobate, 
K0.5Na0.5NbO3 (KNN) which exhibits strong piezoelectric response 
and good mechanical properties became a widely investigated 
material for MEMS applications like actuators, transducers, 
modulators and sensors [1], [3], [4]. One advantage of KNN over 
conventional lead-based materials is that a high Curie temperature 
(420 oC) allows the material’s stability to be enhanced, thus 
improving its piezoelectric properties [5], [6]. While KNN bulk 
ceramics have already been studied for potential applications, a real 
game-changing technology would be the development of KNN thin 
films for flexible integration and miniaturization in MEMS [7], [8].  
Hence, various thin films deposition techniques have been explored 
such as radio frequency magnetron sputtering [9], pulse laser 
deposition [10] and  sol-gel spin coating [11].  Among these, the sol-
gel spin coating is regarded as the most facile process due to its 
simplicity [12]. Moreover, spin-coating method can produce uniform 
films comparable with other PVD techniques.  In practice, more than 
a single layer of coating is needed to produce high-quality thin films 
that are highly crystalline and cracks-free [13]. Additionally, the 
film’s quality is also affected by thermal treatments such as pyrolysis 
and and annealing temperature [14], [15]. 
  
Due to the various synthetic routes adopted for films synthesis, 
particle size and crystal morphology would also be affected. 
Theoretically, no crystals are perfect considering their infinite size 
[16]. Crystal imperfection might cause the deviation of peak 
diffractions broadening the materials. The diffraction peaks of 
materials can be used to analyze the lattice strain within the crystal 
structure. The lattice strain is a manifestation of a change in the lattice 
constants arising from crystal imperfection, such as lattice dislocation 
or lattice mismatch. The effect of lattice strain can be observed in the 
thin film as compared to bulk materials due to film/substrate 
mismatch.  Numerous indirect techniques can be employed for 
determining lattice strains which are direct light scattering (DLS), 
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transmission electron microscopy and X-ray peak profile analysis 
(XPPA). Though XPPA is based on mathematical and averaging 
methods, it’s still considered a simple and powerful technique for 
crystal size and strain determination [17]. 
 
It should be mentioned that most of the studies on KNN thin films 
prepared by sol gel spin coating method were focused on their 
piezoelectric properties, and no reports have been dedicated on the 
studies of their processing parameters. Hence, in this study, the 
effects of different annealing temperature and the number of layers 
on the crystallographic properties of KNN were analysed to 
determine the optimum processing conditions for best experimental 
practice. XRD was used to analyze the formation of phase and 
crystallographic properties of KNN thin films. The lattice strain and 
lattice parameter were then investigated by XPPA.  
 
 
2.0      METHODOLOGY 
 
Two experimental designs were outlined in this part. The first part 
describes a facile route to produce KNN films while the next part 
includes the characterization method of KNN films to obtain its 
lattice parameter. 
 
2.1      Preparation of KNN films 
 
The KNN solutions were prepared using sol-gel synthesis. Two 
alkaline precursors, namely potassium acetate (Alfa Aesar, 99 % 
purity) and sodium acetate (Alfa Aesar, 99 % purity), were used as 
starting solutions. The stoichiometry of reactants taken is K: Na: Nb 
(0.5: 0.5: 1) which is in mol%. These chemicals were dissolved in 20 
ml of 2-methyoxyethanol (Sigma-Aldrich, 99.9 % purity) and 
constantly stirred at room temperature of ~25 oC for 30 minutes. 
Separately, 0.627 mL of niobium (V) ethoxide (Sigma Aldrich, 99.5 % 
purity) was dissolved by constantly stirring in a mixed solution of 10 
mL 2-methyoxyethanol and 0.156 mL acetylacetone Sigma- Aldrich, > 
99.9 % purity) for 30 minutes. After stirring vigorously for 30 minutes 
at room temperature, a mixed solution of niobium ethoxide and 
acetylacetone was added dropwise to the prepared KN precursors. 
The ensuing mixture was left to stand for an hour at 80 oC to create a 
clear and homogenous solution. The thin films were then produced 
when the mixed solution was spun onto the Si substrate at 3000 rpm 
for 30 seconds.  This was followed with pyrolysis where the wet films 
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were dried at 250 oC for 1 minute to remove organic contaminant. The 
spin coating and pyrolysis processes were done repeatedly till well-
defined films of a certain thickness were obtained. Following this, the 
films were annealed at various temperatures using rapid thermal 
annealing furnace (RTP-1000D4, MTI) at a rate of 5oC/s for 5 minutes. 
2.2     Characterization methods 
XRD was used to analyze the formation of phase and crystallographic 
properties of KNN thin films using PANanalytical X’Pert Pro3. The 
scanning speed was set up to 0.05 oC/s using u Kα radiation. The 2θ 
scan range was from 20o to 70o. For the thin films, the grazing angle 
was used to render the XRD measurement more sensitive to the 
interesting surface region and eliminate substrate contribution on the 
diffraction response. Therefore, the angle was set to 0.1o. The surface 
morphology of the thin film was examined using field emission 
scanning electron microscopy (FESEM, Hitachi 51400) operating at 10 
kV. 
3.0     RESULTS AND DISCUSSION 
Figure 1 shows the recorded XRD diffraction patterns of KNN films 
annealed at 600 oC, 650 oC and 700 oC. The peaks of KNN thin films 
annealed at 600 oC and 650 oC were indexed by the orthorhombic 
perovskite sructure of KNN (JCPDS No. 32-0822) as shown in Figure 
1. The presence of multiple peaks indicates that the grown films are
polycrystalline in nature, which agrees well with other findings [18], 
[19], [20]. As can be seen, the KNN film grown at 600 oC had a pure 
orthorhombic perovskite structure with no secondary phase detected. 
As the temperature was raised to 650 oC, the intensity and the 
integrity of the peaks were increased. However, the peaks of the film 
annealed at 700 oC are shifted to the new angle which indicates the 
formation of pyrochlore phase of K4Nb6O17 tungsten bronze structure. 
This observation is supported by Fernandes who discovered the 
existence of non-perovskite phase of  K4Nb6O17 due to rapid 
volatilization of the alkaline element at an elevated temperature [21]. 
Furthermore, Ahn et al. [22] reported that the higher volatilization 
rate of Na+ than K+ during heat treatment would cause the formation 
of this secondary phase which subsequently deteriorate the structural 
and piezoelectric properties of KNN. 
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As mentioned previously, the film annealed at 700 oC displays the 
formation of undesirable pyrochlore phase. Thus, only the annealed 
samples with orthorhombic structure  were considered for the texture 
coefficients (TC) evaluation. TC values can be calculated using 
Equation 1 [16] to obtain quantitative information regarding the 
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where TC(hkl) is the texture coefficient, Ihkl is the  intensity of the sample 
, N is the number of peaks diffracted and Io  is the intensity of XRD 
reference. If TC (hkl) for all indexed planes (hkl) is close to unity, then 
the crystallites indicate similar orientation to the JCPDS reference, 
while values greater than 1 indicate the abundance of grains oriented 
in the <hkl> direction. Table 1 provides the TC (hkl) value of KNN 
samples. It can be seen that, TC (hkl) for grown films improved as 
temperature increased to 650 oC, thus indicating the preferential 
growth of crystallites at this temperature.  The improved peak 
intensity and greater TC(hkl) value clearly suggest that the KNN film 
annealed at 650 oC achieved the optimum crystallization in 
comparison with other films. Hence, this temperature was used for 
deposition of subsequent films. 
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TC101 TC001 TC202 TC301 TC341 TC400 
600 oC 1.321 2.031 0.856 0.127 0.411 0.045 
650 oC 1.703 2.834 1.252 0.239 0.576 0.129 
Figure 2 shows the XRD patterns of KNN films with different 
coating layers. As anticipated, the XRD spectra of the thin films are 
similar to an orthorhombic perovskite structure with no evidence of 
secondary phase. Under the same annealing temperature, the 
intensity of the peaks is increased with increasing coating layers 
with the preferred orientation at (001).  The result implies that 
crystalline quality is improved with an increasing number of layers. 
Figure 2: XRD spectra of KNN thin films 
The lattice parameters of KNN thin films were calculated using the 
least square refinement method as listed in Table 2. Increasing in the 
number of deposition layers leads to an increase in lattice 
parameters and volume.  It has been reported that change in lattice 
parameters was also related to substrate/film mismatch as 
illustrated in Figure 3a [23]. The occurrence of lattice mismatch is 
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due to different of crystal planes and lattice symmetries between the 
substrate and the film [23]. The lattice mismatch between substrate 
and film causes in-plane tensile or compressive strain in the 
deposited layer. Due to thin films deposited on a crystalline 
substrate, there also will be a biaxial strain to accommodate the 
lattice mismatch (Figure 3b). Thus, it is suggested that the strain will 
occur in the multilayer film. 
Table 2: The lattice parameters of the synthesized samples 
Thin film layers Space group Lattice parameters 
a (Å) c (Å) Volume (Å) 
1 layer (Cm2m) 3.811 5.470 110.83 
2 layers (Cm2m) 3.834 5.495 114.14 
3 layers (Cm2m) 3.853 5.507 117.06 
4 layers (Cm2m) 3.843 5.641 119.66 
5 layers (Cm2m) 3.913 5.649 124.31 
       (a)                                                   (b) 
Figure 3:     a) Lattice misfit     (b) Strain in film for mismatch accommodation 
To estimate the strain that occurs within the lattice structure, an X-ray 
peak profile analysis (XPPA) was employed. This method considers a 
number of diffraction peaks from the XRD pattern and was further 
evaluated by Gaussian and Lorentzian function which is given by [24]: 
(𝑑𝑑ℎ𝑘𝑘𝑘𝑘𝛽𝛽ℎ𝑘𝑘𝑘𝑘 cos 𝜃𝜃𝜃2 =  
𝐾𝐾
𝐷𝐷 (𝑑𝑑ℎ𝑘𝑘𝑘𝑘




            (2) 
where dhkl is the lattice spacing, βhkl  is the integral half width,  K is the 
lattice constant (0.90) and D is the crystallite size, respectively. To 
evaluate the lattice strain, the mathematical expression (dβ cos θ)2 was 
plotted against  d2β cos θ as illustrated in Figure 4. The obtained points 
were then linearly fitted using linear regression, R2, to minimize the 
error of estimation.  It is worth noting that the reliability of the data is 
increased in the case of R2 >0.8, which would reduce the weak 
persuasion and error of the data. The lattice strain was further 
obtained from the y-intercept of linearly fitted data. The result is 
schematically presented in Figure 5. Interestingly, it can be seen that 
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strain decreases along with the number of deposition layers from 7.5 at 
1st layer to 5.3 at 5th layers, respectively.  According to Tealdi et al. , the 
significant reduction in strain is due to the greater distance of the 
strain released from the film/substrate interface [24]. As a result, the 
effects of lattice strain at a high deposition layer became small and 
negligible. 
Figure 4: Graphic representation of XPPA method for lattice strain calculation 
Figure 5: The apparent change in the lattice strain as a function of deposition 
layer 
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occur in the multilayer film. 
Table 2: The lattice parameters of the synthesized samples 
Thin film layers Space group Lattice parameters 
a (Å) c (Å) Volume (Å) 
1 layer (Cm2m) 3.811 5.470 110.83 
2 layers (Cm2m) 3.834 5.495 114.14 
3 layers (Cm2m) 3.853 5.507 117.06 
4 layers (Cm2m) 3.843 5.641 119.66 
5 layers (Cm2m) 3.913 5.649 124.31 
       (a)                                                   (b) 
Figure 3:     a) Lattice misfit     (b) Strain in film for mismatch accommodation 
To estimate the strain that occurs within the lattice structure, an X-ray 
peak profile analysis (XPPA) was employed. This method considers a 
number of diffraction peaks from the XRD pattern and was further 
evaluated by Gaussian and Lorentzian function which is given by [24]: 
(𝑑𝑑ℎ𝑘𝑘𝑘𝑘𝛽𝛽ℎ𝑘𝑘𝑘𝑘 cos 𝜃𝜃𝜃2 =  
𝐾𝐾
𝐷𝐷 (𝑑𝑑ℎ𝑘𝑘𝑘𝑘




            (2) 
where dhkl is the lattice spacing, βhkl  is the integral half width,  K is the 
lattice constant (0.90) and D is the crystallite size, respectively. To 
evaluate the lattice strain, the mathematical expression (dβ cos θ)2 was 
plotted against  d2β cos θ as illustrated in Figure 4. The obtained points 
were then linearly fitted using linear regression, R2, to minimize the 
error of estimation.  It is worth noting that the reliability of the data is 
increased in the case of R2 >0.8, which would reduce the weak 
persuasion and error of the data. The lattice strain was further 
obtained from the y-intercept of linearly fitted data. The result is 
schematically presented in Figure 5. Interestingly, it can be seen that 
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strain decreases along i  e number of deposition layers from 7.5 at 
1st layer to 5.3 at 5th laye ectively.  According to Tealdi et al. , the 
significant reduction in strain is due to the greater distance of the 
strain released from the film/substrate interface [24]. As a result, the 
effects of lattice strain at a high deposition layer became small and 
negligible. 
Figure 4: Graphic representation of XPPA method for lattice strain calculation 
Figure 5: The apparent change in the lattice strain as a function of deposition 
layer 
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To produce films that are cracks-free, more than a single layer of film 
is needed. Hence, in this work, multi-layer coatings were applied to 
improve the film properties. It was discovered that the number of 
layers that could be sustained was only up to five layers. When the 
number of layers was extended to six, the cracks evolved on the 
structure of the film as shown in Figure 2. These cracks, also known as 
“mud cracks,” resemble the pattern of a dry lake bed. It should be 
noted that above the critical coating thickness, repetitive heating or 
pyrolysis treatment causes the thermal expansion of the films 
exceeded the substrates, resulting in the propagation and evolution of 
cracks as shown in Figure 2 [13], [25].
Figure 6: Evolution of interconnected cracks with six deposition layer 
a) 25.0 Kx b) 50.0Kx
4.0     C O N C L U S I O N
KNN thin films were prepared on Si substrate by sol-gel spin coating 
method. The optimum annealing temperature and deposition layers 
were found to be 650oC and five deposition layers, respectively . It 
was found that the KNN films were mainly composed of a pure 
orthorhombic perovskite structure. The crystalline quality was 
observed to be improved by increasing the number of layers up to 
five. Nonetheless, it was discovered that KNN film with six 
deposition layer exhibited the interconnected cracks. Based on the 
XPPA, the strain of the lattice decreased significantly, while the unit 
cell volume steadily increased when the number of layers increased. 
These results clearly show that the annealing temperature and 
deposition layers predominantly affect the phase formation and 
crystallographic properties of KNN thin films. 
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